A synthesis strategy to tailor the acid sites location in ferrierite crystals has been developed. The zeolite catalysts were synthesised in fluoride medium using different combinations of organic structure directing agents (SDAs) in the absence of inorganic cations. Therefore, the negative charge associated to the incorporation of aluminium to the framework was compensated exclusively by the positive charge of the organic SDAs. In this way, Al sitting in the zeolite framework was driven by the specific location of the different SDA molecules within the zeolite void volume. Following this synthesis strategy, it has been found that the distribution of strongly acidic hydroxyl 1 groups in the proton form of the zeolites obtained after removal of the organic templates was dependent on the combination of organic molecules used as SDAs. Moreover, the catalytic activity of the zeolites in m-xylene and 1-butene isomerization increased as the relative population of strong Brönsted acid groups in sterically constrained sites inside the ferrierite cavity decreased.
Introduction
Activity and selectivity patterns of a particular acid zeolite in different catalytic reactions are recognized to depend upon the combination of several factors, the number and distribution of acid sites in the framework among them. Controlling the distribution of framework aluminium atoms, and hence that of the acid sites, in zeolites is a much sought objective in zeolite research, as it would have a strong impact on catalytic activity and selectivity. Indeed, it has been shown for ZSM-5 [1] [2] [3] and MCM-22 [4] that Al distribution is dependent on the Si/Al ratio and on the synthesis procedure.
The presence of different types of cavities for a given zeolite topology introduces a high degree of complexity in the distribution of acid sites. Many interesting zeolite catalysts possess precisely the complex void architecture that makes them suitable candidates for the development of specific synthesis strategies envisaging to control the aluminium sitting and hence the acidity of the structure. Ferrierite is one of such materials. Its structure consists of channels of 10-membered rings (10- windows [5] . The ferrierite framework was first determined in the space group Immm [6] although reductions of symmetry have been reported [7] [8] [9] . In Figure 1 a representation of the structure can be seen, showing the 4 non-equivalent T atoms (in space group Immm) and their accessibility from the 10-MR channel and the cage. It has been shown before [10, 11, 12] that this zeolite can be conveniently synthesised in the absence of alkaline cations by using an appropriate combination of small and large structure directing agents (SDA). In particular, the hydrothermal treatment of synthesis gels containing both 1-benzyl-1-methylpyrrolidium (bmp) and tetramethylammonium (TMA) cations in fluoride medium allows the crystallisation of zeolite ferrierite.
Furthermore, computational studies reveal that TMA cations are located inside the small cages, while the large and elongated bmp cations are placed in the 10-MR straight channel. Hence, both cations cooperate to build up the ferrierite structure. Moreover, in the absence of either bmp or TMA, ferrierite was not obtained, thus showing the key role of both cations in the crystallisation of this zeolite in these synthesis conditions. As far as no alkaline cations are present in the structure, the charge compensation of the aluminium atoms located in the framework is due to the cationic SDA only. Using CP-MAS NMR and heteronuclear correlation NMR, Lobo et al. [13] found that the positively charged fragment of the SDA is preferentially ordered near the negative framework charge in ZSM-12, and suggested that the location of acid sites in the zeolite might be controlled by the charge distribution of the SDA. It could be then conceived that the framework sites occupied by aluminium in ferrierite would be eventually dependent upon the specific combination of SDAs used in the synthesis. Moreover, it
has been evidenced that the extra-framework charge-compensating cation distribution in ferrierite zeolites changes as a function of their Si/Al ratio [14] , and from this feature it has been concluded that the Al distribution among the different T sites is affected as well.
Based upon these previous studies, we report in this work a new approach aiming to influence the aluminium location in ferrierite. Our hypothesis is that the use of a combination of organic molecules as SDAs can influence the distribution of acid sites of the zeolite obtained, i.e., the particular combination of SDAs employed in each case could have an effect on the population of aluminium in the different T sites of the zeolite. Therefore, our synthesis strategy consists on the use of a combination of different organic molecules acting as co-structure directing agents, in the absence of sodium cations. This is an important aspect, as the negative charge associated to the incorporation of aluminium to the tetrahedral sites by isomorphic substitution of silicon will be compensated exclusively by the positive charge of the organic SDAs. Following the previous synthesis approach using bmp and TMA as SDAs, ferrierite samples have been obtained from gels in which the bulky bmp cation has been substituted by pyrrolidine (pyrr) and then both bmp and TMA have been replaced by pyrrolidine, i.e., only pyrrolidine has been used as SDA, always maintaining a constant total concentration of organic compounds. For comparison purposes, a ferrierite sample has been prepared by using pyrrolidine at high pH in presence of sodium cations [15] . The acidity of the calcined materials has been investigated by FTIR spectroscopy and pyridine adsorption, and their catalytic activity in m-xylene and 1-butene isomerization has also been determined.
Experimental and methods

Synthesis of the SDAs
The synthesis of bmp was carried out by methylation of benzylpyrrolidine as reported earlier [10] . The purity of the tertiary amine was assessed by thin layer chromatography 
Synthesis of the zeolites
Zeolite products synthesised in fluoride medium were obtained following the synthesis procedure reported earlier [10] from synthesis gels in which the molar ratio organic/T atoms was kept constant. Al MAS NMR spectra were recorded with a Bruker AV 400 spectrometer using a BL4 probe.
Characterization of the solids
Pulses of 1 μs were used to flip the magnetization, with π/12 rad, and delays of 1 s between two consecutive pulses. The spectra were recorded while spinning the samples at ca. 11 kHz.
Transmission FTIR spectra were recorded in the 400-4000 cm -1 range, at 4 cm -1 resolution, using a Nicolet 5ZDX FTIR spectrometer provided with an MCT detector.
The samples were pressed into self-supporting wafers (ca. 6 mg/cm 2 thickness), placed in a glass cell with CaF 2 windows, and activated in vacuum at 400ºC for 8 h. Pyridine adsorption was carried out on activated samples kept at 150ºC, and followed in dependence of time. The sample wafer was put in contact with pyridine vapour (8 Torr) at 150ºC for a given period of time, subsequently degassed at the same temperature for 30 min, and then the FTIR spectrum was recorded. Pyridine was again dosed into the cell to allow further adsorption of pyridine on the wafer, and the cell was evacuated for 30 min prior to recording the FTIR spectrum.This adsorption procedure was repeated several times in order to obtain a series of FTIR spectra at increasing total contact time of the sample wafer with pyridine. The spectra recorded after pre-treatment and after every pyridine adsorption step were normalized to a sample thickness of 6 mg/cm 2 .
Catalytic activity.
The catalytic activity of the samples was tested in the isomerization of m-xylene reaction; m-xylene was purchased from Scharlau (99%). These experiments were carried out in a differential fixed-bed reactor operating with continuous feed and nitrogen as carrier gas at atmospheric pressure. All the samples were previously activated in air flow (100 ml/min) at 450 ºC for 1 hour. Then the flow was changed to N 2 and the temperature decreased to 350 ºC, keeping these conditions for 1 more hour, after which the reaction is performed at the same temperature. In order to obtain conversions of about 5 %, were varied the contact time, while the molar ratio was fixed at N 2 /m-xylene=5.3. The reaction products were analysed by gas chromatography using 
Results and discussion
Synthesis of the materials
Pure zeolite ferrierite crystallised from the three different synthesis gels prepared in fluoride medium. Figure 2 collects the XRD patterns of the corresponding products. It can be observed that the solids obtained in the absence of bmp present sharper diffraction peaks, which suggest a higher crystallinity for these samples. Crystal morphology of the materials was studied by scanning electron microscopy ( Figure 3 ).
The three samples synthesised in the absence of bmp cation are constituted by agglomerates of crystals that exhibit the conventional platelike morphology characteristic of ferrierite [16, 17] . However, there are differences in crystal size. The sample synthesised in presence of Na + at high pH possesses smaller crystals, with dimensions of 3 x 2.5 microns, while those of samples FER-pyrr and FER-pyrr-TMA are about 22 x 13 microns on average. This increase in the crystal size due to the presence of fluoride anions in the synthesis gel is commonly reported for zeolite materials [18, 19] . In contrast, ferrierite obtained from gels with bmp and TMA as SDAs presents neddle-like crystals ca. 7 microns long. This crystal habit has been scarcely observed for ferrierite and remarkably differs from the morphology observed for the rest of samples.
The Si/Al ratio of the crystals, measured by SEM/EDX, is within the range 15-16 for the four sets of samples (Table 2) For the samples crystallised from gels containing bmp and TMA, chemical analysis and 13 C MAS NMR spectrum (not shown) confirmed that these organic cations kept their integrity within the zeolite. Furthermore, molecular mechanics calculations revealed the templating role of both cations. The most stable configuration of the system corresponds to the location of bmp in the 10-MR channels of the ferrierite structure, being too large to be occluded inside the small cages, while TMA is occluded within the FER cages [10] . This result was confirmed by 13 C CP MAS NMR, as the observed chemical shift of the 13 C resonance corresponding to TMA ions (57.4 ppm) was in the range of the signals reported for TMA occluded in other zeolitic cavities with a size similar to that of the FER cage [20, 21] . According to the chemical analysis results, the nitrogen content of the samples is approximately 0.12 mol per 100 g of sample, which is equivalent to 3 N atoms per unit cell. Both TGA and chemical analysis (Table 2) For all the samples prepared in fluoride medium, the number of organic molecules occluded within the zeolite is higher than the amount of aluminium atoms incorporated to the zeolitic network. This fact evidences that a fraction of the positive charge associated to the organic molecules employed as SDAs would be most probably counter balanced by the incorporation of fluoride anions within the void volume of the zeolite during the crystallisation process.
FTIR characterisation of hydroxyl groups
FTIR spectra in the O-H stretching region of the ferrierite samples outgassed at 400ºC
are disclosed in Figure 4 . All the samples exhibit an intense asymmetric band at ca.
3601 cm -1 with a weak shoulder at 3550 cm -1 , characteristic of bridging hydroxyl groups (Si-OH-Al), and a weaker band at 3747 cm -1 , corresponding to terminal silanols (cf. ref.
[27]). The band at 3601 cm to octahedral species suggests that extra-framework Al species would be present in low concentration and in a highly distorted environment. In the FTIR spectrum of sample FER1, the bridging hydroxyls band shows lower intensity, revealing that the concentration of strong Brönsted sites in this sample is around 25% lower than the amount in the samples synthesised in fluoride medium. In addition, the spectrum shows a broad shoulder at ca. 3650 cm -1 that has been previously observed in FTIR spectra of ferrierite zeolite in acid form, and tentatively assigned to Al-OH species [28] [29] [30] .
However, the exact nature of the hydroxyl species giving rise to the latter band has not yet been clarified. Recent results indicate that the acid strength of these hydroxyls is higher than that expected for extra-framework Al species (B. Onida et al., manuscript in preparation).
After pyridine adsoption at 150ºC, the spectra showed characteristic bands of pyridinium ions at 1545 and 1638 cm -1 , and weaker bands due to pyridine interacting with Lewis sites, at 1455 and 1620 cm -1 . In addition, the presence of weak bands at 1445 and 1596 cm -1 , as well as the disappearance of the terminal silanols band at 3747 cm -1 , pointed out to the presence of pyridine H-bonded to silanols. A decrease in the intensity of the band located at 3601 cm -1 was also observed, due to the proton transfer from strong Brönsted sites to pyridine. However, this band was not completely removed when the samples remained in contact with pyridine at 150ºC for as long as 90 min.
Therefore, in order to verify that pyridine adsorption reached equilibrium, FTIR spectra were recorded at increasing contact times. Figure 4 (right) shows that the bridging hydroxyls band intensity levels off with increasing pyridine adsorption time, demonstrating that after pyridine adsorption for 90 min, equilibrium was reached for all samples except FER-bmp-TMA. For the later sample, adsorption for as long as ca. 4 h was required to reach equilibrium. The results evidence that not all the acid sites are accessible to pyridine at 150ºC. It is noteworthy that the samples exhibit apparent differences on accessibility of the bridging hydroxyls to pyridine. Besides, the intensity of the band at 3650 cm -1 observed in the spectra of sample FER1 remained constant, indicating that these hydroxyl species were not accessible to pyridine. Nevertheless, complete removal of this band was observed when less bulky basic probe molecules, such as ammonia and CO, were adsorbed (B. Onida et al., manuscript in preparation).
The location and accessibility of Si(OH)Al groups in ferrierite has been extensively studied, as this is a key factor which determines the catalytic properties of this zeolite.
the ferrierite cage, and the second one heading towards the 10-membered ring channel.
The first one corresponds to a hydroxyl group bridging Si and Al atoms both located in T4 positions, and the second one bridging T1 and T3 cations (Figure 1) . Nonetheless, it is important to note that due to the low temperature at which this study was conducted, only the most stable location for the acidic hydroxyl can be found. In contrast, in an FTIR study of ferrierite samples conducted at room temperature, Zholobenko et al. [32] proposed up to four framework hydroxyls in pores of different size. These hydroxyls were assigned to Si(OH)Al groups in the 10-MR channel, in the extended ring at the intersection of 8-and 6-MR channels, and in 8-and 6-membered rings. Wichterlová et al. [27] reported on the inability for pyridine to probe all the Brönsted sites in ferrierite when adsorbed at relatively low temperatures (130ºC). This was attributed to the constrained access of pyridine to Brönsted sites located inside the ferrierite cavity.
Nevertheless, it has been proposed that pyridine can pass the 8-MR window and that a combination of high temperature and pyridine partial pressure allows to quantitatively probe Brönsted acidity in ferrierite [33] .
In our experimental conditions, the ferrierite samples exhibited marked differences on accessibility of pyridine to acidic hydroxyls (Table 3) . In sample FER1, 52 % of the bridging hydroxyls were accessible to pyridine. This value is in good agreement with previous pyridine adsorption measurements carried out on a commercial ferrierite (Si/Al ratio of 8.4), for which 60% of the Brönsted sites were found accessible to pyridine at 130ºC [27] . In comparison with the reference sample, the zeolites synthesised in fluoride medium exhibited lower accessibility, being this value strongly dependent on the combination of SDAs used. Among the later samples, the one synthesised with bmp and TMA cations (FER-bmp-TMA) showed the highest accessibility (36%). The number of Brönsted sites accessible to pyridine decreased to 18% when bmp cations were replaced by pyrrolidine in the synthesis gel (sample FER-pyrr-TMA), and it decreased further to 10% when also TMA cations were replaced by pyrrolidine (sample FER-pyrr). These results evidence that the distribution of strong Brönsted acid sites between the ferrierite cages and the more accessible sites exposed to the 10-MR channels is determined by the actual combination of SDAs used in the synthesis of ferrierite. It is worth noting that the accessibility of a given Brönsted acid site is not only determined by which one is the T site that is occupied by the Al atom, but also by which one of the four oxygen atoms in its first coordination shell the proton is bound to.
Hydroxyl groups associated to Al atoms in T4 sites would be non accessible to pyridine, as the four possible locations for a hydroxyl next to a T4 site are inside the ferrierite cage ( Figure 1) . Furthermore, the zeolites might also contain non accessible Brönsted sites associated to Al atoms located in T1, T2 and T3 sites, even though they are in the 10-membered rings, for only 3 of the 4 oxygen atoms surrounding each one of these sites are also located in the 10-ring channel while the fourth oxygen atom is inside the ferrierite cavity. Therefore, the presence of strong Brönsted sites non accessible to pyridine could eventually be related not only to Al atoms located in T4 sites but also to some specific locations of the bridging OH species in the framework next to a given Al atom.
The organic content determined for the as-synthesised samples indicates that every ferrierite cage is occupied by one SDA cation. It is therefore expected that, at most, one T4 site per cavity (i.e. two T4 sites per unit cell) can be occupied by Al. On the other hand, the Al content of these samples corresponds to ca. 2.2 Al atoms per unit cell.
Therefore, up to 91% of the Al could be located in T4 sites and, hence, have an associated bridging hydroxyl inside the ferrierite cage. In this case, pyridine would be accessible to at most 9% of the total acid sites, a situation that would correspond to the sample synthesised in fluoride medium from pyrrolidine as the only SDA (FER-pyrr),
for which 10% of acid sites interact with pyridine. This is the sample with the less accessible acid sites. Replacement of pyrrolidine by other SDA molecules led to the systematic changes in acid sites accessibility described above, which can be rationalized as follows. It has been observed that partial replacement of pyrrolidine by TMA increases accessibility (sample FER-pyrr-TMA compared to sample FER-pyrr).
Preliminary An additional increase in accessibility is obtained for samples synthesised in the presence of both Na + cations and pyrrolidine. The inorganic cations could be located either in the channel or in the cage, and therefore it would not be straightforward to account for the observed effect in terms of cation location. It is worth to note that it has been shown that Na + ions are preferentially located in the ferrierite cage after partial ion-exchange of NH 4 + -ferrierite [34] . However, inclusion of Na + ions together with pyrrolidine species into the pores during the zeolite synthesis could lead to a different preferential location of Na + ions.
In order to rationalize all these results, it would be possible to establish a relative trend for Al location on either cage or channel sites among the several templates, as follows.
For cage sites, pyrrolidine would have higher tendency than TMA to attract Al, while for channel locations the order would be pyrrolidine > bmp. In this way, the fraction of Al located at accessible 10-MR channel sites could eventually be tailored as a function of the particular selected combination of SDAs, for each one seems to possess some specific influence toward Al sitting in its vicinity.
Activity of the ferrierite samples in m-xylene isomerization and 1-butene skeletal isomerization
The observed differences in acid sites accessibility should have consequences on the catalytic activity of these ferrierite materials in acid-catalyzed reactions. To check this influence, the catalytic transformation of two molecules with different size have been studied, the isomerization/disproportionation of the relatively bulky m-xylene, and the skeletal isomerization of the comparatively smaller 1-butene. The results are collected in Table 4 . In both cases, large differences in the overall reaction rates are observed among the different samples, being the most active the one synthesised at high pH in the presence of Na + with pyrrolidine as SDA (FER1 sample). Interestingly, among the catalysts prepared in presence of fluoride anions, the one obtained from gels containing pyrrolidine as the only SDA presents the lowest activity.
In the case of m-xylene reaction, the synthesis method employed to obtain the ferrierite catalysts has also a significant influence on the p-xylene/o-xylene ratio. The most active catalyst (FER1) exhibits the expected p/o ratio for zeolites with onedirectional 10-MR channels [35] [36] [37] , and a negligible disproportionation activity, which indicates that the reaction occurs mainly within the 10-MR channels, with a very small contribution of the external surface. On the contrary, the samples synthesised in fluoride medium show relatively low p/o values, and comparatively higher disproportionation activity than the one obtained at high pH. This higher tendency to yield o-xylene and disproportionation products is an indication of a more open environment and less diffusional restrictions for the reaction in the catalysts synthesised in fluoride medium.
This implies that in the latter catalysts the ratio between the number of accessible acid sites on the external surface and the number of accessible acid sites in the bulk would be higher than that of sample FER1. Despite this fact, the samples prepared in fluoride medium present lower activity than FER1, which suggests that a larger fraction of active centres would not be accessible to the m-xylene molecule. Indeed, these differences in activity could not be accounted for by differences in surface area. Table 4 shows an opposite trend between surface area and activity, i.e., the sample with the lowest activity possesses the highest surface area. This result, consistent with the obtained p/o values, is an additional evidence that the relative contribution of sites located in external surface to the overall activity of the samples prepared in fluoride medium would be higher than that of the one obtained in alkaline medium, and suggests that the reaction is barely affected by the reported differences in crystal size among the different catalysts. Hence, the observed differences in activity should be attributed to differences in the accessibility of the reactant m-xylene molecules to the acid sites of the ferrierite samples we have prepared. Figure 6 depicts the relationship between the activity of the catalysts and the acid sites accessibility. Strong Brönsted sites accessibility is given as percentage of the total number of bridging hydroxyls that protonate pyridine after prolonged adsorption. For the samples synthesised in fluoride medium, this parameter would be proportional to the number of acid sites per unit mass of catalyst that can be reached by pyridine and protonate this molecule, as all these zeolites possess similar density of bridging hydroxyls. For sample FER1, however, it has to be taken into account that the concentration of bridging hydroxyls is ca. 25%
lower. Nevertheless, due to the significantly higher acid sites accessibility determined for that sample, it would possess the largest content of acid sites able to protonate pyridine. It can be clearly observed in Figure 6 that the activity in the m-xylene isomerization increases with the fraction of acid sites that interact with pyridine.
However, it is interesting to note that the relationship between catalytic activity and number of acid sites accessible to pyridine is not linear. The increase of activity is more prominent as the number of accessible OH groups increases. This result suggests that a fraction of the hydroxyl groups that are able to interact with pyridine at 150 ºC are not available to activate the bulkier m-xylene even at such high temperature as 350 ºC, the temperature at which the catalytic test has been performed.
In contrast to results on m-xylene conversion, when the isomerization of the smaller 1-butene molecule is considered, a nearly linear relationship between acidity and activity is found for the samples synthesised in fluoride medium ( Figure 7 ) in agreement with its molecular size being smaller than that of m-xylene. These observations suggest that hydroxyl groups other than those buried inside the cage and associated to T4 sites might be available for reaction if appropriate substrate molecules are used. These Brönsted sites would be associated to the Al atoms located in T1, T2 and T3 positions, which would not be equivalent in terms of their accessibility from the 10-MR channel for bulky molecules. It has been reported [38] [39] [40] that the formation of isobutene on ferrierite catalysts is a function of the number of acid hydroxyl groups located in the 10-MR channel, which is consistent with the acidity results reported here. A complete account of the catalytic behaviour of these samples in 1-butene conversion is reported elsewhere [41] . It is worth to note that the catalyst FER1 do not seem to follow the linear relationship between activity and density of accessible bridging hydroxyls found for the samples synthesised in fluoride medium, taking into account that the estimated density of bridging hydroxyls in catalyst FER1 is ca. 25% lower. This result might be explained assuming that at least part of the hydroxyl species responsible for the band at 3650 cm -1 , which are not accessible to pyridine, could be accessible and able to activate 1-butene.
The analysis of the characterization and catalytic activity results discussed above strongly supports the conclusion that the accessibility of acid sites to the relatively bulky reagent molecules like pyridine, m-xylene and butene in these samples is strongly dependent on the specific combination of structure directing agents used in the synthesis. It is interesting to observe that the presence of sodium ions in the gel enormously increases the acid site accessibility, as can be seen by comparing the results corresponding to the sample synthesised in fluoride medium using pyrrolidine as SDA (FER-pyrr) with that obtained at high pH in the presence of the same SDA (FER1).
Consequently, as we have discussed, presence of sodium cations is sufficient to enormously increase the acid sites accessibility. On the other hand, significant differences in the accessibility of the acid sites among the catalysts prepared in fluoride medium have been evidenced. In this case the negative charge associated to the aluminium atoms can only be neutralised by the bulky organic SDAs, as there are no sodium cations present in the synthesis gel. Therefore, these differences in the accessibility of the acid centres are an indication that the specific organic SDA employed in each case have a marked effect on the location pattern of Al atoms associated to these acid sites in the framework. In other words, we have found evidences that strongly suggest that the Al location in the ferrierite framework can be influenced in a decisive manner by the structure directing agents present in the gel, including sodium among them.
Regarding the effect of the different SDA, the results we present suggest that this effect would be dependent upon the particular template molecules used in the synthesis, although we can not yet offer a clear explanation as to why specific combination of template molecules behave so differently. As compared with the small sodium cation, which would be able to occupy a variety of different positions, the bulkiness of the organic SDAs would fix them in some specific configuration inside of either the main channel or the cage, making the Al sitting much more specific as well.
Conclusions
Ferrierite crystals having the same Al content, 2.2 Al/u.c., have been synthesised from sodium-free gels in fluoride media by using some specific combinations of structure directing agents, namely tetramethylammonium (TMA), pyrrolidine and benzylmethylpyrrolidinium (bmp). It has been found that the distribution of bridging hydroxyl groups between the ferrierite cage accessible through 8-MR windows and the 10-MR channel varies according to the specific combination of templates used in the synthesis. Considering also the reference ferrierite sample synthesised in alkaline medium from a gel contaning both Na + and pyrrolidine, the accessibility of pyridine to the Brönsted acid sites at 150 ºC decreases in the order Na/pyrrolidine > TMA/bmp > TMA/pyrrolidine > pyrrolidine. A good correlation between acid sites accessibility and catalytic activity in the isomerization of m-xylene and conversion of n-butene has been found. Hence, this synthesis strategy of ferrierite crystals allows to gain an effective control on acid sites distribution in the zeolite framework, and might eventually be extended to other suitable zeolite materials by a rational choice of appropriate structure directing agents. 
